The internal reversible hydrogen embrittlement (IRHE) of austenitic Fe(10-20)Ni17Cr2Mo alloys based on type 316 stainless steels hydrogen-charged to around 40 mass ppm was investigated by performing tensile tests using the slow strain rate technique at temperatures from 80 to 300 K. The susceptibility to IRHE depended on the Ni content. IRHE occurred below a Ni content of 15% (Ni equivalent of 29%), increased with decreasing temperature, reached a maximum at 200 K and decreased with further decreasing temperature. Hydrogen-induced fracture due to IRHE occurred in brittle transgranular mode associated with the strain-induced α' martensite structure at temperatures from 200 to 300 K and occurred simultaneously with fracture along the prior annealed-twin boundary at 200 and 250 K, then changed to dimple rupture mode due to hydrogen localization at 150 K. IRHE was controlled by the amount of strain-induced α' martensite above 200 K, whereas it was controlled by hydrogen diffusion below 200 K.
Introduction
The use of hydrogen is expected to improve the quality of the Earth's atmosphere; 1) thus, hydrogen-powered vehicles including fuel cell vehicles and hydrogen internal combustion vehicles, which use hydrogen as fuel, are being developed worldwide. 2) Hydrogen is directly used as the fuel for hydrogen-powered vehicles, and high-pressure hydrogen storage at a final pressure of 70 MPa and liquid hydrogen storage are the current targets in hydrogen-powered vehicle development. Metallic materials have been used for hydrogen storage, where the metal is always exposed to hydrogen; thus, hydrogen embrittlement (HE) of the metal, particularly in a hydrogen atmosphere (hydrogen gas embrittlement; HGE), occurs. Hydrogen is also absorbed by the metal; thus, HE of the metal by internal hydrogen (internal reversible hydrogen embrittlement; IRHE) also occurs. The prevention of both HGE and IRHE is critical for the safe use of hydrogen-powered vehicles.
Austenitic stainless steels are promising candidates for structural materials used in hydrogen storage systems at low temperatures. However, it is well known that most austenitic stainless steels suffer from HE. HE of stable austenitic stainless steels such as type 310 and 309 stainless steels has been studied [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and it was found that they are susceptible to IRHE 4, 5, [7] [8] [9] [10] [11] 13, 14) but not to HGE. 8, 11, [16] [17] [18] [19] [20] [21] The IRHE of stable austenitic stainless steels, in which no strain-induced α' martensitic transformation occurs during deformation, can be attributed to the low stacking-fault energy of the steels, which inhibits the occurrence of cross slips and induces slip planarity. 22, 23) Metastable austenitic stainless steels such as type 301, 304 and 316 stainless steels exhibit IRHE [5] [6] [7] [8] [9] [10] [11] [12] 15, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] as well as HGE 8, 9, 11, [16] [17] [18] [19] [20] [21] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] due to the presence of straininduced α' martensite. 8, 9, 16, 17, [19] [20] [21] 28, 30, 36, 38, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] The bcc structure of strain-induced α' martensite is inherently more susceptible to hydrogen-induced cracking than the fcc structure in general. It was observed by high-voltage electron microscopy (HVEM) that strain-induced α' martensite is located along the fracture surface and in front of the crack tip in type 304 stainless steel 53) and type 316 stainless steel. 54) Perng and Altstetter showed that strain-induced α' martensite greatly enhances the diffusivity of hydrogen in metastable austenitic stainless steels.
55)
The HE of austenitic stainless steels depends on temperature. 4, 6, 10, 11, [13] [14] [15] 20, 24, 26, 36, 46, 47, [49] [50] [51] [52] Wayman and Smith 24) studied the IRHE of iron-nickel alloys containing 20 and 30% Ni and found that IRHE is severe at 293 K but less severe at 77 K for the alloy containing 20% Ni, while for the alloy containing 30% Ni, IRHE was observed at 293 K but not at 77 K. Caskey 11) studied the temperature dependence of IRHE for a wide variety of stainless steels including commercial and high-purity alloys and found that the IRHE of all alloys increases with decreasing temperature, reaches a maximum at temperatures between 200 and 300 © 2012 ISIJ K and decreases with further decreasing temperature. Buckley and Hardie 36) showed that the maximum IRHE of 18Cr-11Ni stainless steels occurs at 215 K and that no IRHE occurs at temperatures below 160 K. Our HGE studies 20, 46, 47) showed that the HGE of commercially available austenitic stainless steels also depends on the temperature and that the maximum HGE of SUS 304, 316 and 316LN stainless steels (as denoted by the Japanese Industrial Standard (JIS)) in hydrogen at 1 MPa occurs at around 200 K, whereas no HGE appears below 120 K. Our recent IRHE study 15) also showed that the IRHE of commercially available austenitic stainless steels depends on the temperature and that the maximum IRHE of SUS 304, 316 and 316LN stainless steels occurs at around 200 K, whereas no IRHE appears at 80 K. We attributed this temperature dependence to the change in rate-controlling process from the strain-induced α' martensitic transformation process at higher temperatures to a hydrogen diffusion process at lower temperatures. 15, 20, 46, 47) The HE of austenitic stainless steels also depends on the chemical composition. Wayman and Smith 24) demonstrated that the IRHE of an iron-nickel alloy containing 20% Ni is more severe than that of an alloy containing 30% Ni. Caskey 11) showed that the HGE of iron-chromium-nickel stainless steels decreases markedly in the Ni composition range from 8 to 14%, which is associated with an increase in austenitic phase stability, and attributed HE not to the martensite content but to the Ni and N contents. We also found such a chemical composition dependence at temperatures above 200 K. 15, 20, 47) We also studied the HGE of Fe (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) Ni17Cr2Mo alloys based on type 316 stainless steel in 1 MPa hydrogen at low temperatures 56) and found that HGE increases with decreasing temperature, attains a maximum at 200 K and decreases with further decreasing temperature. In this study, the IRHE of Fe (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) Ni17Cr2Mo alloys was investigated in the temperature range from 80 to 300 K as a follow-up to the above HGE study. The relationship between both IRHE and HGE and the amount of strain-induced α' martensite in the alloys was examined, and the effect of Ni content on the HE of the alloys is discussed together with the nickel equivalent (Nieq) 57) of the alloys from metastable to stable austenitic stainless steels.
Experimental
The Ni content of Fe (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) Ni17Cr2Mo alloys based on type 316 austenitic stainless steel, which were used in our previous study on HGE at low temperatures, 56) was varied from 10 to 20% to study the effect of Ni content on IRHE at low temperatures. We refer to these alloys as Ni-added type 316 alloys in this paper. The role of Ni is to stabilize the austenitic phase and increase the resistance to HE: furthermore, other alloy elements that promote the stability of the austenitic phase should improve the resistance to HE in general. (1)), are listed in Table 1 .
The nitrogen content of a specimen whose chemical composition is similar to the 316-2 specimen was measured to be 0.001 mass%, but those of the specimens used in this paper were not measured. The alloys were melted in a vacuum high-frequency induction heating furnace and forged into cylindrical bars with a diameter of 10 mm. The alloys were solutionannealed at 1 373 K for 5 minutes and then water-quenched. They were then machined into cylindrical tensile specimens with a gauge length of 20 mm and a diameter of 4 mm. The specimens were thermally hydrogen-charged in a pressure vessel in 30 MPa hydrogen, whose purity was 99.99999% in the gas cylinder, at 473 K for 250 hrs. The hydrogen content of the hydrogen-charged specimens was considered to be nearly the same as those of specimens hydrogen-charged in 100 MPa hydrogen at 373 K, which are the maximum hydrogen pressure and temperature in the high-pressure storage of hydrogen for hydrogen-powered vehicles, respectively, taking the hydrogen solubility in austenitic stainless steels into account. 55) The hydrogen content of each specimen was analyzed by a LECO RHEN602 hydrogen determinator. It was found that the hydrogen content of each alloy is approximately 40 mass ppm and is independent of Ni content.
The specimen surface was ground with sandpaper and polished with paste before the tests. Tensile tests were conducted in 1 MPa helium, whose purity was 99.9999% in the gas cylinder, in the temperature range from 80 to 300 K using our custom-developed equipment for studying HGE at low temperatures. 58) We investigated the tensile behavior of type 304 austenitic stainless steels in hydrogen and helium under a pressure of 1 MPa in the temperature range from 80 to 300 K by the slow strain rate technique (SSRT) at strain rates ranging from 4.2 × 10 -5 to 4.2 × 10 -2 s -1 in our previous work.
46 ) It was shown that hydrogen played a significant role in HGE at 4.2 × 10 -5 s -1 , HGE decreased with increasing strain rate and no HGE was observed at a strain rate of 4.2 × 10 -2 s -1
. Thus, all tests were conducted by SSRT at a strain rate of 4.2 × 10 -5 s -1 , which is the same as that used in our HGE tests, 56) to ensure a substantial effect of hydro- gen on the mechanical properties of the alloys in our investigation of HGE. The fracture surfaces of the specimens after tensile tests were analyzed by scanning electron microscopy (SEM). Strain-induced α' martensite was identified by magnetic force microscopy (MFM) together with atomic force microscopy (AFM) using a Nanoscope IIIa microscopy and the macroscopic content of strain-induced α' martensite in the austenitic phase was measured by the magnetic method to obtain a ferrite equivalent.
Results
Typical load-strain characteristics of the hydrogencharged and as-solution-annealed 316-3 (Ni: 12.11%, Nieq: 26.45%,) specimens tested in 1 MPa helium at 80, 200 and 300 K are shown in Fig. 1 . Hereafter, we refer to the hydrogen-charged specimens as H-charged specimens. It is found that hydrogen has a minor effect on the yield strength, whereas it has a marked effect on the elongation and a slight effect on the ultimate tensile strength (UTS) at 200 and 300 K. H-charged specimens fracture earlier than the as-solution-annealed specimens at 200 and 300 K, and thus, hydrogen decreases the UTS and elongation of H-charged specimens. Hydrogen has no effect on the tensile properties of the specimen at 80 K.
IRHE can generally be quantitatively described by the relative reduction of area (RRA), namely, the reduction of area of the H-charged specimen divided by the reduction of area of the as-solution-annealed specimen, where no IRHE is observed at an RRA of 1, and IRHE increases with decreasing RRA. The effect of temperature on the IRHE of the 316-1 (Ni: 9.88%, Nieq: 24.20%), 316-3 and 316-5 (Ni: 13.90%, Nieq: 28.29%) specimens is shown in Fig. 2 . IRHE is clearly dependent on the alloy type and temperature, namely, the RRA of the 316-1 specimen decreases with decreasing temperature, reaches a minimum at 200-250 K and then increases with further decreasing temperature, and the RRA of the 316-3 specimen has a similar temperature dependence with a minimum RRA at 200 K. The RRA of the 316-5 specimen slightly decreases at around 250 K. These temperature dependences of IRHE are generally in agreement with the results obtained using a thermally Hcharged type 304L stainless steel by Holbrook and West, 10) those obtained by Caskey 11) for type 316 stainless steel and those obtained by Buckley and Hardie 36) for 18Cr-11Ni stainless steel.
The dependence of IRHE on the temperature and Ni content of the Ni-added type 316 alloys for the 316-1 to 316-6 specimens (Ni: 14.88%, Ni eq : 29.18%) is shown in Fig. 3 . The 316-1, 316-2 and 316-3 specimens exhibit severe IRHE at 200 K, whereas the 316-4 and 316-5 specimens exhibit slight IRHE at 250 K. IRHE is observed below a Ni content of 15% (Ni eq : 29%), whereas little IRHA is observed above a Ni content of 15% at all temperatures tested.
The effect of temperature on the strain-induced α' martensite content of all specimens is shown in Fig. 4 , where we added Ni content on the figures published previously. 56) The ferrite equivalent near the fracture surfaces is measured by the magnetic method after the specimen fractured in helium, and the maximum measured value of each specimen is plotted in the figure. The ferrite equivalent measured by this method corresponds to the content of strain-induced α' martensite in the fractured region. It is shown that the straininduced α' martensite content of the 316-1 specimen (Ni; Fig. 3 at 200 K is shown together with the ferrite equivalent in Fig. 5 . It is evident that the RRA of the Hcharged specimen increases gradually with increasing Ni content from 10 to 11% (Nieq; 24-25%), sharply from 11 to 13% (Nieq; 25-27%) and again gradually from 13 to 15% (Nieq; 27-29%). IRHE occurs in the alloys with a Ni content less than 15% (Nieq; 29%), where the ferrite equivalent is 2.5%, and becomes serious with decreasing Ni content, indicating that IRHE depends on the amount of strain-induced α' martensite. It is evident that an increase in Ni content decreases the susceptibility of the alloys to IRHE. Caskey 11) showed that a type 310 alloy thermally hydrogen-charged in 69 MPa hydrogen at 620 K exhibits maximum IRHE near 280 K. The type 310 stainless steel has a Ni content and Nieq of approximately 20% and 37%, respectively, and the effective hydrogen content of the type 310 stainless steel is larger than that of our specimens. The type 310 stainless steel does not exhibit the strain-induced α' martensitic transformation; thus, the IRHE of the steel is due to HE of the austenitic phase with a high hydrogen content. Our Ni-added type 316 alloys with a Ni content above 17% (Ni eq ; 31%) do not exhibit the strain-induced α' martensitic transformation at temperatures above 200 K and do not exhibit IRHE at all temperatures.
Fracture surfaces of the H-charged 316-1, 316-3 and 316-5 specimens tensile-tested at 200 K observed by SEM are shown in Figs. 6(a), 6 (b) and 6(c), respectively. The observations are focused near the sites of crack initiation on the inside area for the 316-1 and 316-3 specimens and on the middle area for the 316-5 specimen. Brittle fractures associated with the strain-induced α' martensite structure are mainly observed as well as flat facets due to the fracture along the prior annealed-twin boundary in the 316-1 specimen, which are typical hydrogen-induced fracture modes, as shown in Fig. 6(a) . Caskey 27) observed fracture along the prior annealed-twin boundary in thermally hydrogencharged type 304L specimen fractured at 198 K. It was observed by HVEM that α' martensite was located along the fracture surface and in front of the crack tip in type 304 stainless steel 53) and type 316 stainless steel. 54) Recently, Miller et al. 59) found that α' martensite formed along the crack tip of type 316L stainless steel in a fatigue crack growth test by MFM. Strain-induced α' martensite is also formed along the crack and in the front of crack tip accord- Table 1 .
ISIJ International, Vol. 52 (2012), No. 2 ing to the results of a recent calculation. 60) Thus, from the results of these studies, brittle transgranular fracture is closely associated with the strain-induced α' martensite structure. Only brittle transgranular fractures associated with the strain-induced α' martensite are observed in the 316-3 specimen, as shown in Fig. 6(b) . These fractures along the prior annealed-twin boundary and brittle transgranular fractures in H-charged specimens are also observed in the specimens fractured in 1 MPa hydrogen at low temperatures. 56) This brittle transgranular fracture mode is observed on the H-charged specimens fractured at temperatures from 200 to 300 K. However, fractures along the prior annealed-twin boundary are observed at 200 and 250 K. Large dimple ruptures together with brittle transgranular fractures are observed in the 316-5 specimen, as shown in Fig. 6(c) , whereas fine dimple ruptures are observed in all as-solution-annealed specimens not shown here. The dimple size and depth of the H-charged specimens are larger than those of the as-solution-annealed specimens.
MFM images of the cross section near the fracture surface of the H-charged 316-1 specimen fractured at 200 K are shown in Fig. 7 . Parallel prior annealed-twin boundaries are observed in the MFM image in Fig. 7 (a) as shown by two arrows. The ferromagnetic phase in the enlarged image in Fig. 7(b) of the area designated by a square in Fig. 7(a) is shown in Fig. 7(c) , where the ferromagnetic phases are shown as dark or gray area; thus, many spots of straininduced α' martensite exit along the prior annealed-twin boundary, as shown by an arrow as an example in Fig. 7(c) .
This observation indicates that strain-induced α' martensite is formed on the prior annealed-twin boundary; thus, the fracture along the prior annealed-twin boundary observed in the H-charged specimen is strongly related to the straininduced α' martensite. Our observation of the straininduced α' martensite on the prior annealed-twin boundary by MFM is consistent with the SEM observation of the traces on a prior annealed-twin boundary by Caskey. 27) IRHE is still observed even at 150 K. SEM images of the fracture surfaces of the H-charged and as-solution-annealed 316-3 specimens are shown in Figs. 8(a) and 8(b) , respectively. Shallow dimples are observed and inclusions are found at the bottom of the dimples on the H-charged specimen as shown in Fig. 8(a) . This fracture mode is observed in the H-charged 316-1, 316-2, 316-3 and 316-4 specimens. Fine dimple ruptures are observed on the as-solutionannealed specimen as shown in Fig. 8(b) .
The fracture mode of the H-charged specimens at all temperatures is shown in Fig. 9 as a summary of the fracture mode. IRHE fracture occurs in the alloys with a Ni content less than 15% (Nieq; 29%) at temperatures above 150 K under the broken line in the figure.
The microstructure of deformed specimens was observed Table 1 , fractured at 150 K. by transmission electron microscopy as reported previously. 56) Strain-induced α' martensite identified from the selectedarea diffraction pattern had a three-dimensional structure. It appeared at intersections of the microscopic slip bands and consisted of stacking faults and ε martensite.
Discussion
HE depends on the chemical composition and temperature. IRHE is observed in the specimens that form straininduced α' martensite and depends on the Ni content of the specimens. IRHE increases with decreasing temperature, reaches a maximum at 200 K and then decreases with further decreasing temperature, as shown in Fig. 2 Fracture along the prior annealed-twin boundary is observed at 200 and 250 K. Since a twin boundary can also trap hydrogen similarly to a grain boundary and a small cylindrical α' martensite phase is formed along the prior annealed-twin boundary at 200 and 250 K, cracks easily propagate along the flat boundary of the prior annealed-twin boundary.
HE depends on hydrogen diffusion and the distribution of hydrogen in the material. In general, cracks initiate inside specimens in the case of IRHE, since a high concentration of hydrogen already exists in the matrix of the specimens before deformation, as shown by the occurrence of IRHE above 200 K. IRHE is still observed even at 150 K. Shallow dimples are observed and inclusions are found at the bottom of the dimples in the H-charged specimens, as shown in Fig.  9 , while fine dimples are observed in the as-solutionannealed specimens. Since dimple ductile fracture generally occurs as a result of microvoid nucleation, growth and coalescence, the effect of hydrogen is either to accelerate microvoid nucleation or to accelerate microvoid growth and coalescence. As discussed by Thompson, 64) hydrogeninduced ductility loss is usually related to significant changes in microvoid size. A smaller size indicates the enhancement of void nucleation by hydrogen, while a larger size indicates the enhancement of void growth and coalescence. Thus, the hydrogen content near inclusions and its diffusion during the fracture process are of key importance in inducing HE in the ductile fracture region. Our result obtained at 150 K also showed that the dimple size of the H-charged 316-3 specimen is significantly larger than that of the assolution-annealed specimen, indicating that the hydrogen content in the critical region at and around inclusions is high owing to the original hydrogen and the α'-martensite-assisted diffusion of hydrogen from adjacent regions, and the effect of hydrogen is to enhance the growth and coalescence of microvoids in the case of IRHE. Thus, IRHE occurred as a result of hydrogen localization near the inclusions in the Hcharged specimen at 150 K.
Conclusion
The internal reversible hydrogen embrittlement (IRHE) of Fe (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) Ni17Cr2Mo alloys based on type 316 stainless steel that were thermally hydrogen-charged to around 40 mass ppm was investigated by performing SSRT tensile tests at a strain rate of 4.2 × 10 -5 s -1 in the temperature range from 80 to 300 K. The following results were obtained.
(1) IRHE occurred in the alloys with a Ni content less than 15% (Nieq; 29%), increased with decreasing temperature, reached a maximum at 200 K and decreased with further decreasing temperature. IRHE decreased gradually with increasing Ni content from 10 to 11% (Nieq; 24-25%), sharply from 11 to 13% (Nieq; 25-27%) and again gradually from 13 to 15% (Nieq; 27-29%) at 200 K. The susceptibility to IRHE strongly depended on the Ni content.
(2) Hydrogen-induced fracture occurred in brittle transgranular mode associated with the strain-induced α' martensite structure at temperatures from 200 to 300 K and occurred simultaneously with fracture along the prior annealed-twin boundary at 200 and 250 K, then changed to dimple rupture mode due to hydrogen localization at 150 K.
(3) IRHE was controlled by the amount of α' martensite at temperatures above 200 K, whereas it was controlled by hydrogen diffusion at temperatures below 200 K.
